Abstract. Liver fibrosis occurs as a result of chronic liver lesions, which may subsequently develop into liver cirrhosis and hepatocellular carcinoma. The involvement of long noncoding RNAs (lncRNAs) in liver fibrosis is being increasingly recognized. However, the exact mechanisms and functions of the majority of lncRNAs are poorly characterized. In the present study, the hepatotoxic substance carbon tetrachloride (CCl 4 ) was employed to induce liver fibrosis in an animal model and agenome-wide identification of lncRNAs in fibrotic liver tissues compared with CCl 4 untreated liver tissues was performed using RNA sequencing. Sprague-Dawley rats were treated with CCl 4 for 8 weeks. Histopathogical alterations were observed in liver tissues, and serum levels of alanine aminotransferase, aspartate aminotransferase, transforming growth factor-β1 and tumor necrosis factor-α were significantly higher, in the CCl 4 -treated group compared with the CCl 4 untreated group. RNA sequencing of liver tissues demonstrated that 231 lncRNAs and 1,036 mRNAs were differentially expressed between the two groups. Furthermore, bioinformatics analysis demonstrated that the differentially expressed mRNAs were predominantly enriched in ʻECM-receptor interactionʼ, ʻPI3K-Akt signaling pathwayʼ and ʻfocal adhesionʼ pathways, all of which are essential for liver fibrosis development. Validation of 12 significantly aberrant lncRNAs by reverse transcription-quantitative polymerase chain reaction indicated that the expression patterns of 11 lncRNAs were consistent with the sequencing data. Furthermore, overexpression of lncRNA NR_002155.1, which was markedly downregulated in CCl 4 -treated liver tissues, was demonstrated to inhibit HSC-T6 cell proliferation in vitro. In conclusion, the present study determined the expression patterns of mRNAs and lncRNAs in fibrotic liver tissue induced by CCl 4 . The identified differentially expressed lncRNAs may serve as novel diagnostic biomarkers and therapeutic targets for liver fibrosis.
Introduction
Liver fibrosis, characterized by excessive deposition of extracellular matrix (ECM) and distortion of the normal liver architecture, occurs as a result of liver injuries, such as those induced by chronic hepatitis virus, ethanol, toxic reagents or drugs (1) . Liver fibrosis, considered to be a serious global health problem, may eventually develop into liver cirrhosis and, in certain cases, liver cancer, and is thus associated with high morbidity and mortality (2) . Toxic reagents, predominantly the metabolic products of toxicants, reactive oxygen species, inflammatory cytokines and damage to DNA repair mechanisms, are among the common risk factors for the development of liver injury and fibrosis (3) . Carbon tetrachloride (CCl 4 ) is widely known for its toxic effects, resulting in liver injury and liver fibrosis. Furthermore, CCl 4 has been extensively used in studies concerning liver fibrosis (4) . However, the exact molecular mechanisms underlying the toxic effects of CCl 4 have not yet been determined.
Long noncoding RNAs (lncRNAs) are commonly defined as RNA molecules with a length >200 nucleotides with limited or no protein-coding capacity (5) . Increasing evidence has revealed that lncRNAs are involved in numerous biological processes, including cell proliferation, apoptosis, cell cycle, cell differentiation (6) (7) (8) , nervous system development (9) and cancer metastasis (10) . Furthermore, lncRNAs affect gene expression via the regulation of transcriptional, post-transcriptional and/or epigenetic mechanisms (11, 12) . Numerous studies have indicated the involvement of several lncRNAs in liver fibrosis, including Alu-mediated CDKN1A/p21 transcriptional regulator (13) , metastasis-associated lung adenocarcinoma transcript 1 (14) , maternally expressed 3 (15) and growth arrest-specific 5 (16) . Despite these previous findings, other lncRNAs involved in the occurrence and development of liver fibrosis require identification.
High-throughput genome screening provides a comprehensive picture of gene expression under pathological conditions and may contribute novel insights into the mechanisms underlying liver fibrosis. Rapid developments in systems biology and bioinformatics means that the biological process and disease complexity on a systems level can be elucidated (17) .
Therefore, in order to determine potential regulatory lncRNAs and investigate the expression pattern of lncRNAs with regards to the occurrence and development of liver fibrosis, the present study aimed to profile differentially expressed lncRNAs and mRNAs in CCl 4 -induced liver fibrotic tissue via RNA sequencing. Bioinformatics analyses, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, were performed to improve the classification of differentially expressed mRNAs between the CCl 4 -treated and CCl 4 untreated liver tissues. In order to validate the RNA sequencing data, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was performed and a significantly differentially expressed lncRNA, NR_002155.1, was identified, which, to the best of our knowledge, has not been previously investigated. The present study aimed to elucidate further candidate diagnostic biomarkers and treatment targets for liver fibrosis. 4 . Male Sprague-Dawley rats (n=20; 8 weeks old) weighing 200-220 g were obtained from Guangdong Medical Laboratory Animal Center (Guangzhou, China). The rats were housed in polycarbonate cages under standard laboratory conditions at a temperature of 22˚C, a relative humidity of 55% and 12 h light/dark cycle. Rats were fed with standard laboratory food pellets and water ad libitum. Rats were housed in these conditions for 7 days prior to CCl 4 administration. CCl 4 was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Rats were equally divided into two groups by random sampling: Untreated group and CCl 4 -treated group. Rats in the CCl 4 -treated group were injected intraperitoneally with a 0.6 mg/kg mixture of CCl 4 and corn oil [1:1 (v/v)] twice a week for 8 weeks. Rats in the control group were treated with equal volumes of corn oil. The body weight and clinical symptoms of the rats were observed twice a week until the termination of the experiment. Blood and liver tissues were collected from each rat. Blood was collected for serum biochemistry and cytokine investigation. Liver tissues were sliced into sections and preserved in 4% paraformaldehyde for 48 h at room temperature or TRIzol reagent at 4˚C (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for histological staining and RNA extraction, respectively. The liver tissues of three rats from each group were frozen in liquid nitrogen in preparation for RNA sequencing. The animal experimental procedures in the present study were performed in accordance with the Guide for Animal Care (18) and Use and were approved by the Animal Ethics Committee of Peking University Shenzhen Hospital (Shenzhen, China).
Materials and methods

Rat liver fibrosis induced by CCl
Cell culture and overexpression of NR_002155.1 in HSC-T6 cells. The HSC-T6 rat hepatic stellate cell (HSC) cell line was purchased from the Institute of Cell Research, Chinese Academic of Sciences (Shanghai, China). The HSC-T6 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin and 100 U/ml penicillin. They were incubated at 37˚C with an atmosphere of 5% CO 2 .
Ad-N R _ 0 02155.1 was purchased f rom Vigene Bioscienc es, I nc. GTT CAT CTC TGT CG) was subcloned into the adenovirus shuttle plasmid vector pAd-EF1a-GFP (Vigene Biosciences, Inc.). Homologous recombination was used with regards to the pBHGlox_E1, 3 Cre and shuttle plasmids in order to generate Ad-NR_002155.1. HSC-T6 cells were subsequently infected with Ad-NR_002155.1. Cells (1x10 5 ) were seeded in 6 well plates. After 12 h, cells were infected by Ad-NR_002155.1 (multiplicity of infection=60) for 12 h. Cells were subsequently cultured in normal DMEM with 10% FBS for 48 h prior to seeding for CCK-8 and RT-qPCR assays. All cell incubations were at 37˚C with 5% CO 2 .
Detection of alanine aminotransferase (Alt), aspartate transaminase (Ast), tumor necrosis factor-α (Tnf-α) and transforming growth factor-β1 (Tgf-β1) expression. Serum was obtained from whole blood by centrifugation at 12,000 x g for 15 min at 4˚C. Alt (cat ml037336), Ast (cat. no. ml12021), Tnf-α (cat. no. ml002859) and Tgf-β1 (cat. no. ml002856) in serum were detected by enzyme linked-immunsorbent assay kits purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China) according to the manufacturer's protocols. The experiments were performed in triplicate.
Histological staining. The liver tissue samples from the rats were fixed in 4% paraformaldehyde at 4˚C overnight, embedded in paraffin and cut into 4 mm sections. The sections were deparaffinized in xylene and rehydrated in a graded alcohol series (100% ethanol for 5 min, 80% ethanol for 5 min; both at room temperature). The sectioned tissues were stained by Hematoxylin and eosin (H&E) staining. In brief, tissues were incubated with hematoxylin solution for 5 min and eosin solution for 1 min at room temperature. Masson staining was performed according to the manufacturer's protocols (Nanjing SenBeiJia Biological Technology Co., Ltd., Nanjing, China). Briefly, the sectioned tissues were stained with Celestine blue dye for 2 min, Mayer's hematoxylin for 2 min, followed by Ponceau S and acid fuchsin staining for 10 min, all at room temperature. The sections were photographed with a light microscope at a magnification of x100 or x200.
RNA extraction and RT-qPCR. Total RNA from tissues or cells was isolated using TRIzol reagent. The purity and concentration of RNA were quantified using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc.). High quality isolated RNA with an optical density (OD) value 260/280>1.90 was determined as the cut-off value for RNA sequencing and RT-qPCR. Total RNA was reverse transcribed using a PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. Gene expression levels were determined via qPCR using the SYBR Premix Ex Taq™ II kit (Takara Bio, Inc.) in an ABI PRISM 7500 system (Thermo Fisher Scientific, Inc.). According to the manufacturer's protocol, the thermocycling conditions were 95˚C for 5 min, 40 cycles at 95˚C for 15 sec, 56˚C for 30 sec and 72˚C for 15 sec, followed by a final extension at 72˚C for 7 min. The housekeeping gene GAPDH was used for normalization and all experiments were performed in triplicate. The relative fold-change of the lncRNAs was calculated using the 2 -ΔΔCq method (19) . The primer sequences used in the present study are listed in Table I. RNA sequencing. Total RNA isolated from the liver tissues of three rats from each group were selected for RNA sequencing. In order to perform high-throughput sequencing, ribosomal RNA (rRNA) was depleted from total RNA by using the Ribo-Zero rRNA Removal kit (Epicentre; Illumina, Inc., San Diego, CA, USA) in accordance with the manufacturer's protocol. cDNA libraries were subsequently generated using a ScriptSeq v2 RNA-Seq Library Preparation kit (Epicentre; Illumina, Inc.) and were sequenced on an Illumina HiSeq 3000 with 101 bp paired-end reads at Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The raw reads were first filtered to remove the adapter sequences and the low quality sequences were removed by the FASTX-Toolkit v0.0.13 (hannonlab. cshl.edu/fastx_toolkit/index.html.). The subsequent clean reads were mapped to the reference genome Rnor_6.0 (asia. ensembl.org/Rattus_norvegicus/Info/Index) with TopHat v2.0.13 (20) . The number of reads mapped to each gene was determined using gfold v1.1.2 (21) . Differential expression was assessed using Cufflinks (22) with fragments/kb of transcript per million fragments mapped and read counts as the input. Differentially expressed genes were identified according to the following criteria: Fold-change >2 and adjusted P-value <0.001.
GO and KEGG pathway analysis. Differentially expressed mRNAs in fibrotic liver tissues were determined via GO analysis and KEGG pathway analysis. With regards to GO analysis (http://geneontology.org/), the aberrantly expressed mRNAs were classified into three items by enrichment analysis: Biological process, cellular component and molecular function. KEGG pathway analysis (www.genome.jp/kegg/) was performed in order to analyze the potential pathways enriched by the differentially expressed mRNAs. Table I . Rat primer sequences for reverse transcription-quantitative polymerase chain reaction.
Transcript
Forward primer Reverse primer Cell Counting assay. A CCK-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was used to perform the cell proliferation assay. The transfected HSC-T6 cells were plated in 96-well plates at a density of 1,000 cells/well. Following incubation at 37˚C for 12, 24, 48 and 72 h time intervals, the OD values of absorbance were determined using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at a wavelength of 450 nm, in accordance with the manufacturer's protocol. All experiments were performed in triplicate.
Statistical analysis. Data from at least three independent experiments were presented as the mean ± standard deviation. Student's t-tests were used to analyze the statistical significance of RT-qPCR, Alt, Ast, Tnf-α, Tgf-β1 and cell proliferation analyses. Multiple comparisons of the expression of NR_002155.1 among the three HSC-T6 cell groups were performed using one-way analysis of variance followed by the Student-Newman-Keuls post-hoc test. P<0.05 was considered to indicate a statistically significant difference. SPSS v19.0 software (IBM Corp., Armonk, NY, USA) was used to analyze the data.
Results
Liver injury and fibrosis induction.
At the termination of the experiment, the body weight and the liver/body weight ratio were significantly reduced in the CCl 4 -treated rats compared with the untreated group (Fig. 1A and B) .
Liver functions, measured by Alt and Ast levels in the serum, were also investigated. The results demonstrated that Alt and Ast expression levels were significantly increased in the CCl 4 -treated group compared with the untreated group (Fig. 1C) . Alterations in the serum levels of Tnf-α and Tgf-β1 are presented in Fig. 1D . The expression levels of Tnf-α and Tgf-β1 were significantly increased in the CCl 4 -treated rats, indicating an increased inflammatory response in the CCl 4 -treated rats following treatment.
As demonstrated in Fig. 2A and B, H&E staining indicated that treatment with CCl 4 markedly increased levels of inflammation and cell infiltration surrounding the liver cells, and also resulted in an unclear hepatic lobular structure compared with that of the untreated group. The results of the Masson staining indicated that paraplastic connective tissues destroyed the structure of the liver lobule and that marked levels of fibrosis developed in the liver tissue of the CCl 4 -treated group, compared with the untreated group where no marked liver fibrosis development was observed ( Fig. 2C and D) .
Differentially expressed lncRNAs and mRNAs.
A total of 16,113 lncRNAs and 35,362 mRNAs were identified by RNA sequencing. Compared with the untreated group, the CCl 4 -treated group had 231 differentially expressed lncRNAs (fold-change >2), which included 102 upregulated and 129 downregulated lncRNAs. The top 10 upregulated and top 10 downregulated lncRNAs with the largest fold-change are presented in Table II . Expression profiling data demonstrated that 1,306 mRNAs, consisting of 1,028 upregulated and 278 downregulated mRNAs, were differentially expressed between the two groups.
Bioinformatics analysis of differentially expressed mRNAs.
In order to identify the potential function of dysregulated mRNAs in fibrotic rat liver tissues compared with normal liver tissues, GO analysis was performed, during which three items were described (biological process, cellular component and molecular function). Differentially expressed mRNAs were predominantly enriched in the following GO terms: ʻMuscle system processʼ, ʻbiological adhesionʼ and ʻcell adhesionʼ for biological process terms; ʻproteinaceous extracellular matrixʼ, ʻextracellular matrixʼ and ʻmyofibrilʼ for the cellular component terms; and ʻextracellular matrix structural regionʼ, ʻcytoskeletal protein bindingʼ and ʻcalcium ion bindingʼ for molecular function terms. The top 10 enriched GO terms for biological process, cellular component and molecular function are presented in Fig. 3 .
In addition, pathway analysis was performed with reference to the KEGG database and 27 pathways presenting significant differences (P<0.05) in gene expression were identified between the CCl 4 -treated and untreated rat liver tissues (data not shown). As revealed in Fig. 4 , the differentially expressed genes were predominantly enriched in three pathways, including ʻECM-receptor interactionʼ, ʻPI3K-Akt signaling pathwayʼ and ʻfocal adhesionʼ.
Validation by RT-qPCR. In order to verify the RNA sequencing data, 12 differentially expressed lncRNAs (nucleotides <5,000; fold-change >3) were chosen for further analysis, 7 of which were upregulated lncRNAs and 5 of which were downregulated lncRNAs. RNA was extracted from all preserved liver tissues and RT-qPCR was performed to validate the expression of selected lncRNAs. The results demonstrated that the expression levels of 11 lncRNAs were in accordance with the RNA sequencing data (Fig. 5) ; however, the expression level of XR_591985.1 significantly differed from the results of the RNA sequencing data. These results were considered to successfully verify the reliability of the RNA sequencing results.
Overexpression of NR_002155.1 inhibits HSC-T6 cell proliferation.
In order to overexpress the novel lncRNA NR_002155.1, its sequence was subcloned into the adenovirus shuttle plasmid vector pAd-EF1a-GFP (Fig. 6A ) and its successful overexpression in HSC-T6 cells was confirmed using RT-qPCR (Fig. 6B) . Furthermore, the results of the CCK-8 assay demonstrated that increasing the expression of NR_002155.1 significantly decreased the proliferation of HSC-T6 cells at 48 and 72 h time intervals (Fig. 6C) , thus confirming that NR_002155.1 may suppress the proliferation of HSCs and may therefore inhibit liver fibrosis induced by CCl 4 .
Discussion
CCl 4 administration leads to the infiltration of inflammatory cells and subsequent liver damage leads to the development of fibrosis. In order to investigate the lncRNAs and mRNAs involved in the progression of liver fibrosis, an animal model of liver injury and fibrosis was constructed using male Sprague-Dawley rats treated with CCl 4 . The predominant biological processes and pathways enriched in the overlapping differentially expressed mRNAs were revealed. Following this, the differentially expressed lncRNAs were analyzed and their expression levels were verified using RT-qPCR. Finally, one of the most significant differentially expressed lncRNAs, NR_002155.1, was investigated further in order to determine its role in liver fibrosis.
The results of the present study revealed that liver tissues from rats in the CCl 4 -treated group exhibited signs of inflammation and the occurrence of fibrosis. The body weight and liver/body weight ratio of the rats were decreased following CCl 4 treatment for 8 weeks. Furthermore, circulating levels of liver function indicators (Alt, Ast, Tgf-β1 and Tnf-α) were significantly enhanced in the CCl 4 treated group. In addition, histological staining indicated that there was marked inflammatory infiltration, collagen deposition and liver fibrosis in the CCl 4 -treated liver tissues. Therefore, it may be hypothesized that the aforementioned consequences resulted from the basic toxicity of CCl 4 , and this conclusion would be in accordance with the findings of previous studies (23, 24) .
When liver tissues and cells are exposed to CCl 4 , a complex process inducing resistance to toxicity occurs. CCl 4 metabolism in liver tissues or cells induces the generation of free radicals (25) and thus triggers oxidative stress, which results in the initiation and progression of liver damage (26) . Furthermore, oxidative stress enhances the secretion of inflammatory cytokines, induces inflammation and necrosis of hepatocytes, and promotes the progression of liver fibrosis (27) . These pathological consequences of oxidative stress were demonstrated by the present study, in which levels of Alt, Ast, Tgf-β1 and Tnf-α were increased in the serum of CCl 4 -treated rats compared with untreated rats.
GO analysis in the present study revealed that 1,306 mRNAs were differentially expressed in liver tissues from CCl 4 -treated rats compared with the untreated group. These differentially expressed mRNAs were predominantly enriched in ʻextracellular matrixʼ, ʻresponse to external stimulusʼ, ʻcell adhesionʼ and ʻbiological adhesionʼ. With regards to KEGG pathway analysis, the differentially expressed mRNAs in the CCl 4 -treated liver tissues were demonstrated to be predominantly enriched in three pathways: ʻECM-receptor interactionʼ, ʻPI3K-Aktʼ and ʻfocal adhesionʼ.
HSCs are a type of hepatic nonparenchymal cell, and their activation and proliferation are involved in liver fibrosis. HSCs exposed to chronic injury are activated and undergo proliferation. Excessive proliferation of HSCs leads to the secretion of excessive levels of ECM, thus causing abnormal ECM deposition. Abundant ECM has the potential to replace normal hepatocytes (28) , which contributes to scar formation and fibrosis (29) . These previous findings were verified in the present study via Masson staining. ECM-receptor interaction, associated with signaling pathways involved in paracrine/endocrine functioning, may affect cell phenotype, adhesion, migration, proliferation and differentiation (30) . The focal adhesion signaling pathway primarily involves integrin and focal adhesion kinase (FAK). As a tyrosine kinase receptor, FAK is reported to be activated by platelet-derived growth factor (PDGF) and, following interaction with ECM proteins via association with integrin, FAK directly senses the integrity of the extracellular environment (31) (32) (33) . The activation of FAK has been reported to be essential for PDGF-induced HSC proliferation (34) . As a key downstream kinase of integrin/FAK, phosphoinositide 3-kinase (PI3K) is also activated by PDGF stimulation and response to the proliferation of PDGF-induced HSCs (34, 35) . Stimulation of the PI3K pathway has been demonstrated to be essential for HSC proliferation in vitro and in CCl 4 -induced rat liver fibrosis in vivo (36) . Akt, which is positioned downstream of PI3K, is also reported to be involved in the stimulation of cell proliferation and inhibition of cell apoptosis in HSCs (37, 38) . Type I collagen gene expression was demonstrated to be primarily regulated by the PI3K-Akt pathway (34) . The expression levels of type I collagen mRNA and protein were significantly reduced by the PI3K inhibitor LY294002 or by inhibition of Akt expression via adenoviral-mediated transduction with a dominant negative form of Akt (39) . Therefore, the ECM-receptor interaction, focal adhesion and the PI3K-Akt pathways all interact with each other in order to regulate the process of fibrogenesis.
In the present study, RNA sequencing demonstrated that 231 lncRNAs were significantly differentially expressed (fold-change >2) between CCl 4 -treated and untreated rats' liver tissue. The majority of identified lncRNAs were not previously reported and the functions of these lncRNAs remain unknown. RT-qPCR analyses were performed to verify the reliability of the RNA sequencing data. The expression levels of the selected lncRNAs determined by RT-qPCR were consistent with RNA sequencing data. In order to verify whether the differentially expressed lncRNAs identified by RNA sequencing contribute to the progression of liver fibrosis, the biological function of NR_002155.1 was investigated (fold-change=36.6). NR_002155.1, a newly identified long noncoding RNA with a length of 951 base pairs, to the best of our knowledge, has not been previously investigated. In the present study, it was demonstrated that NR_002155.1 may inhibit HSC-T6 cell proliferation in vitro, which is consistent with the findings of the RNA sequencing analysis.
In conclusion, the expression profile of lncRNAs in CCl 4 -induced liver fibrosis was determined via RNA sequencing and differentially expressed lncRNAs and mRNAs were identified. Differentially expressed mRNAs between liver tissues from CCl 4 -treated and untreated rats were predominantly enriched in the ʻECM-receptor interactionʼ, ʻfocal adhesionʼ and ʻPI3K-Akt signaling pathwayʼ path ways. Following validation of these results by RT-qPCR analysis, the biological function of the aberrantly expressed lncRNA NR_002155.1 was investigated. The results of the in vitro function experiments indicated that lncRNA NR_002155.1 may inhibit the proliferation of HSCs in vitro and in vivo. However, the mechanisms of the identified lncRNAs in liver fibrosis are yet to be determined. Future studies should further investigate the association and network construction between the lncRNAs and mRNAs identified in the present study. In addition, further studies should explore the biological functions and regulatory mechanisms of lncRNAs, which may uncover novel diagnostic biomarkers and effective therapeutic strategies for liver fibrosis.
